REPORT No. 367

PRESSURE DISTRIBUTION OVER A THICK, TAPERED AND TWISTED MONOPLANE
WING MODEL—N. A. C. A. 81-J

By CaBL J. WENZINGER

SUMMARY

This report presents the results of pressure distribution
tests on a thick, tapered and twisted monoplane wing
model. The investigation was conducted for the purpose
of obtam'mg data on the aerodynamic characterisiics of
the new wing and fo prorvide additional information suit-
able for use in the design of tapered canfilerer wings.
The tests included angles of atlack up to 30 degrees and
were made in the Atmospheric TWind Tunnel of the ;
National Advisory Commitiee for Aeronautics.

The span loading orer the wing was approximately of
elliptical shape, which gare rise to relatively small bend-
ing moments about the roof. The angle of zero Lift for all
sections along the span varied only within +0.4 degree of
the angle of zero Lift for the whole wing, resulting in small
leading edge loads for the kigh-speed eondition of flight.

The results also add to the arailable information for the !

sudy of stability ai large angles of attack.
INTRODUCTION

The structurel design of airplane wings cells for a
knowledge of the manner in which the air loads are
distributed over the wing as well as the magnitude of
the total loads. Standard load distributions, for
example, such as are specified by the Department of
Commerce, are only approximate, and while wings
designed according to these loadings may be generally
safe, they are doubtless often heavier than need be.
It is, therefore, desirable to know more exactly the
actuel load distribution over a given type of wing if
minimum weight is to be obtained.

The increasing amount of interest in cantilever
monoplene wing systems has furnished the besis for
an extensive pressure distribution investigation made
in the Atmospheric Wind Tunnel of the National
Advisory Committee for Aerongutics. Several models
of tapered wings suitable for internal bracing have
previously been tested and the results published
(Reference 1). The results of these tesis indicated
that further improvement in aerodynamic and geomet-
ric features were desirable, and in consequence, a new
tapered wing was designed.

It was desired to produce a wing having the following
characteristics:
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1. Relatively small bending moments at the wing
root.

2. Equel length spars.

8. Reduced leading edge loads, for the nose dive
condition.

4. High maximum lift.

5. Minimum induced drag for any given lift and
aspect ratio.

This new wing, designated as the N. A.C. A. 81-J (see
fig. 1), was developed from the following considerations:

A linear taper having a ratio of tip to root of 0.5, 1in
plan form, provides for approximately elliptical span
loading, and causes the lateral center of pressure to
move nearer to the center of the span, thereby giving

. relatively small bending moments about the wing root.

The wing tip was shaped so as to provide for good
load distribution and to enable the use of spars of equal
length.

In order to reduce the loads on the leading edge of the
wing, particularly in the nose dive condition of flight,
the wing was to be given a geometric washin so that all
sections along the span would be at zerolift simvltane-
ously. If the sections also stalled at approximately
the same angle of atfack, then a2 maximum over-all
lift would probably be attained as well.

High maximum lift was further assured by msking
the wing root and tip profiles of the Joukowski type,
which profiles were developed by the method given in
Reference 2. These profiles were slightly modified,
however, by thickening the trailing edges somewhat.

The elliptical span loading previously referred to is
also the theoretical condition for minimum drag of the
wing, so that from a consideration of the foregoing, it
can be seen that probably a good compromise would be
effected In obtaining a wing with the desired charac-
teristics.

Preliminsry tests on & model of the new wing
indicated an imsufficient amount of twist hed been
provided at the tips to satisfy the zero lift conditions.
A second model was, therefore, built with a greater
geometric washin, but otherwise the same as the first
model. The results of pressure distribution tests on
this latter model of the new wing are presented in
this report for angles of attack up to 90°. These
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results add to the available information for the design
of tapered monoplene wings, and for the study of
stability at Ia:rge angles of attack.

Attention is invited to the difference between the
aerodynamioc and the geometric washin. The present
wing at zero lift has a fairly large geometric washin
which corresponds, however, to zero aerodynamic
washin,

MODEL AND APPARATUS

The airfoil used in'these tests was a half-span model,
and was tapered in thickness and plan form, with a
geometric wash-in at the tip of 6° 45'. (See fig. 1.)
It was constructed of laminated mahogany, the ordi-
nates being held accurate to within +0.01 inch of those
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assumption being made that the imaginary plane of
symmetry of & wing can be replaced by an actual
plane surface without changing the flow. If thesepara-
tion plane is sufficiently large, it is then possible to
remove half of the wing and to replace it by the
pressure leads and support for the remaining half.
Figure 2 shows the airfoil and separation plane set up
in the tunnel. The airfoil was mounted on a turn-
table fitted with en extension outside of the tunnel
test section for changing the angle of attack.
Pressures at the various orifices were indicated as
heads of alcohol by two liquid multiple manometers.
Rubber tubes connected the manometers to the small

bress nipples extending from the wing. All of the

— r—? % - — — 2" TT'T_T:?;-
I 7374 i Il | [ 1
57858 l :
I ik | 4 ~
I d 55 :56’ 4 29 | 1718
&9 +70 i i I s
I !54 39 !40 a7 o llle | E'}
S ! l ! [ #7344 51T
= &7 158 i | é5¢ 126 _l,: 4
-y F 37 . | ¥} 12
& 158 35 j: 2 > g J 2,
,.;.45' i ﬁ 22 B A v
7 é‘ TXIE D I &
iH' | i E
68/ Roof ___| i } . I »
P tompiala - O Dsfective fubee fPTI
'I T . : - i { —
N D I |
| - |
—34 " 4" J
———— 4" 2%~ d —

Freuaz L—N, A, O, A. 81-J pressure distribntion wing

specified in Table I. The tip was first made straight,
and then carefully shaped to the dimensions shown.

For purposes of pressure distribution testing, 87
pairs of small brass tubes were built into the airfoil,
one tube of each peair opening as an orifice in the
upper surface, and the other tube opening in the lower
surface. The tubes extended down through the wing
butt and terminated in smell brass nipples. Six
tubes were found to be defective after testing for leaks
and these are indicated on Figure 1. The pressures
indicated by them were not used, but the values of
pressure heads have been interpolated at these loca-
tions. Orifice locations around the profile and the
spacmg of the orifice groups along the span are shown
in Figure 1, and given in Table II.

The tests were made in the Atmosphenc Wind
Tunnel (Reference 8), on the half-span model mounted
vertically on a horizontal ‘“‘separation’ plane, the

upper surface orifices were conmnected to onme mano-
meter, and those of the lower surface to the other.
Twa tubes of each manometer were connected to a
statio pressure plate in the wall of the tunnel test sce-
tion just ahead of the model, for obtaining a reference
pressure. Figure 8 shows the manometers, the rubber
tubes leading from them to the wing, and the model
support extension for changing the angle of attack.
The model and separation plane, as well as the fairing
enclosing the pressure tubes in the funnel, are also
partially shown.

Photographic records of the various pressures were
obtained by placing a sheet of photostat paper behind
the glass tubes of each manometer and flashing a 25-
watt light located about-5 feet in front of each. The
pressures on the upper and lower surface of the airfoil
for one angle of atteck are shown in the sample record,

Figure 4.
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TESTS

A few preliminary tests were made for purposes of
adjustment and celibretion. Since the eir flow is
somewhat retarded close to the surface of the sepa-
ration plane, it was necessary to compensate for the
decrease in velocity. This was accomplished by in-
clining the leading edge of the plane, which consisted
of a hinged flap 5% inches. wide, until vertical velocity
surveys'made about 1 foot upstream from the model
showed¥a satisfactory dynamic pressure distribution.

and index on the wing support extension (see fig. 3), and
allowing about a minute for the manometers to reach
equilibrium. Then the photostat paper was placed in
each manometer and an exposure of about one second
weas made. The paper was then removed, and the
process repeated for another angle of attack. Check
records taken during the tests indicated an eccuracy
in messured pressure heads of within +1.0 per cent.

The pressure distribution tests were made at angles
of attack ranging from —11° to +90°. Throughout
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FiGURE S.—Alrfoll and separation plana set-up In tunnal

The model was set at the angle of attack of zero
lift for these surveys, and it is fairly certain that the
flow past the tunnel test section would be practically
the seme with the model removed. A Pitot-statio
tube installed permanently in the tunnel, sufficiently
far upstream from the model to be unaffected by it,
was then calibrated against the integrated mean of the
final survey (fig. 5), and used as & dynamic pressure
reference.

In testing the wing, it was necessary fo set accor-
ately the initial angle of attack. This was done by
means of an optical system, which included a light
source, lens, and indicating screen mounted on the
side of the tunnel test chamber, and a mirror placed
on the model parallel to the chord of the root section.
The index on the wing support extension was then
set according to the zero setting of this system.

The test procedure consisted of setting the angle
of attack of the wing by means of the two handles

the tests the dynamic pressure wes maintained con-
stant at 6.47 pounds per square foot, corresponding
to an air speed of about 50.3 m. p. h. The average
Reynolds Number wes 283,000 with the mean wing
chord as the cheracteristic length.

" RESULTS

The results are given in Tables ITI, IV, and V in
terms of the coefficients of relative loed, normal force,
and pitching moment, for each test section. Table
VI gives the coefficients of normal force, lateral center

of pressure, bending moment, pitching moment, and

longitudinal center of pressure, for the whole wing.
The results are also presented in graphical form es
follows:

Figure 7. Section normal load coefficient versas
angle of attack, X versus o.

Figures 8a and 8b. Span load diagrams, K versus

gpan.
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Figures 9 to 15. Isometric total normal pressure
diagrams, including C. P. loci.

Figure 168. Angles of zero Cyr for each test section.

Figure 17. Total normal force coefficient versus
angle of attack, Oyr versus a.

' REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

The results are presented without corrections for
tunnel wall and blocking effects which have not been
evaluated up to the present for set-ups of this type, a
cross-sectional diagram of which is given in Figure 6.
However, these tests are comparable with tests of the
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Fraurs 3.—Afanometer installation
earlier wings given in Reference 1. When interproting

Figure 18. Total lateral center of pressure coeffi-
cient versus angle of attack, 0,, versus a.

Figure 19. Total bending moment coefficient versus
angle of attack, (}’ versus a.

Figure 20. Total pitching moment coefficient versus
angle of attack, Oy versus a.

Figure 21. Total longitudinal center of pressure
coefficient versus angle of attack, O, versus a.

the results in terms of the full scale airplane, considera-
tion should also be given to the low Reynolds Number
at which the tests were conducted.

The results as presented in graphic and tabular form
may be relied upon to within +3 per cent.

Actuel pressure diagrams at each angle of attack were
obtained by scaling values of the liquid heights from the
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photostats, plotting them on cross-section paper at their
correct positions elong the chords of the airfoil, and
fairing & closed curve through the points. These dia-
grams were then integrated for area, and for moments
about the leading edge for each section. Check
integrations gave an accuracy of within +2 per cent
for final values of areas and moments.
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that used in & previous report (Reference 1), and was
obtained as follows:
: chord

K= CierX somispan
This form of coefficient was necessitated by the fact

that Cyr does not represent the loads along the span
on account of the changing chord of the wing.
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Velues of normel force coefficients, Cyr, for the

verious sections were calculated from the faired dia-
grams as follows:

GNI- gé'c

where .
A =integrated area of the pressure diagram,
¢=length of the diagram,
g¢=dynamic pressure, expressed as a head of the
msanometer liquid.

The relative normel loadings at the various test sec-
tions, expressed in nondimensionsal form, are given in
Figures 7, 8a, and 8b. The coefficient is the same as

FlaTtRE 4.—Sample presyure record—N. A. C. A. 81-7 airfoll a=-43"

The distribution of the total pressures acting normal
| to the chord at each section for a given angle of attack
has been plotted on isometric plan views of the wing,
Figures 9 to 15. Lifting pressures are plotted upward
! and a pressure scale in terms of “g" is included on each
t figure. These disgrams also contain curves of centers
! of pressure along the span.

Vealues of total Cyr have been plotted for each angle
of attack as shown in Figure 17. These total coeffi-
cients were obtained as follows:

r
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where

A’=grea of the semispan load diagram. (The
integrated area of each section load was
plotted versus semispan, and the final
curves integrated for total area),

S=total area of the wing,

g=dynamic pressure expressed as a head of the

manometer liquid. ,

The lateral C. P., Figure 18, was obtained by plot-
ting areas of the section pressure diagrams versus
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semispan, integrating for area and for moments about
the root, and then dividing the moment by the area.
These values are given in per cent semispan from the
wing root.

The bending momenis about the wing root, Figure
18, have been calculated in coefficient form by the
product of the total normal force coefficient and the
lateral center of pressure coefficient as follows:

01',’ = ONF X 0,',
from which

’ ’
0~ Agx 2y
73 43
or

4L

=158
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where

Lb =hendi t,1111.'Lomemt'. about the root,
=gpan of the wing
S=total area of the ’wmg,
g=dynamic pressure,
all in consistent units.
Total pitching moment coefficients, Figure 20, were
obtained from )
A ’

Cx 7¢8
2
where
A!’=aren of semispan moment diagram. (The
' egrated pitching moment about the
leade t%e of the root section extended
was plotted for each section versus semi-
pan, and the final curve integrated for
totaf area.)
- ¢=chord of root section, ..
S=totul area of the wing, % |
g=dynamic pressure, expressed as a head of the
manometer liquid.

The total longitudinel center of pressure coefficients,
Figure 21, were obtained by dividing the total pitching
moment coefficients Oy by the total normal force
coefficient Cyr. Results are given in per cent root
chord from the leading edge of the root section.

[.

Ticurz 0.—Cross seotion of tumnel set-up

DISCUSSION

The loading on the tip sectiom, ““A,” is relatively
light as may be seen from Figure 7, while the section
loading graduslly increases from tip to root. The
span load distribution, Figures 8a and 8b, is seen to
approach the desired ellipticel shape, which is also
the condition for minimum induced drag of the wing.
The actual load distribution for & full scale wing of
this design may be obteined after determining the
loadings at various points along the span by the
following relation:

Load per unit span =KX ¢Xsemispan (1)
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Nose dive condifion TS
Note - C. P. jocus does . .T 2
not falf on
dlagram

FiaurE 8.—Total normal pressure distzibation

Low le of
atfackaggnafﬁm

FisurE 10.—Total normsal pressure distributlon
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A few representative isometric pressure diagrams,
presented in Figures 9 to 15, are of interest in that
they show the distribution of the total pressures acting
normasl to the test section chords of the wing. The
angles of attack below the stall, Figures 9, 10, and 11,
were chosen so as to show the loadings for three stand-
ard design conditions, i. e., nose dive, low angle of
attack, and high angle of attack. Figures 12 to 15
give a general idea of conditions ebove the stall up to
90°.

Since one of the objects to be attained with the new
wing was that all seetions along the span should reach

angle of attack range for the wing if the greater twist
is used.
The normsl force characteristics of the wing as a

whole are given in Figure 17. A maximum velue of
Ovr of 1.33 was obtained at «=8.5°. Since the coeffi-

cients of normal force and of lift for a given wing are
practically of the same magnitude up to the angle of
maximum lift, the value of Cyr=1.33 represents a
relatively high lift coefficient for this wing. To deter-
mine the normal force NF, for a given wing, the fol-
lowing expression should be used:

zero’lift simultaneously, reference to Figure 16 shows NF=¢ 8 Oyr @)
- 3
e le of
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F16CRE 11.—Total normal pressure distribation

the degree to which this has been accomplished.
The angle of zerolift of each section lies within +0.4°
of the angle of attack of zero lift for the whole wing.
This may be considered to be a sufficiently close
approximation to the above desired condition.

It can be seen, however (fig. 16), that an additional
washin of about 0.8° would probably give still better
results with this wing. The total washin would then
be 7.55° at the tips, which is a fairly close check on the
theoretical value of 7.75° as calculated by the method
given in reference 4. It should be noted, however,
that the span loading and bending moments might be
changed appreciably from those shown in the low

89300—32—=8

The lateral C. P., Figure 18, lies at about 43 per
cent of the semispan from the wing root up to the
angle of maximum lift, «=8.5°. It then moves slightly
toward the root and then outward to an average of
about 45 per cent semispan for angles of attack
ranging from 20° to 90°.

The bending moments about the wing root in coeffi-
cient form shown in Figure 19 apply only to a full
cantilever wing. To evaluate the bending moments,
L’, sbout the root for the full scale wing, use should be
made of the following:

LI @
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Stalled flight condifion T3

Figure 12.—Total normal pressure distribution

FiaorE 18.—Total norma! pressare distribution
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FiGURE 14.—Total normal pressure distribation

Ficurx 15.—Total normal pressure distribation
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The total pitching moment coefficients, Figure 20,
and longitudinal O. P. travel, Figure 21, are included
to facilitate determination of the longitudinal stability

and belance characteristics of the wing. The total
; [T m
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Fiourx 16.—Angle of zero Cr for each section

pitching moment about the leading edge of the root
section extended may be obtained from the following:

M=gc8 Cyx 4)
CONCLUSIONS = '

1. The span load distribution over the N. A. C. A.
81-J wing is approximately of elliptical shape for the
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FIGURE 17.—Normsl force coefficient (total) versus angle of attack

normal flying range, giving rise to relatively small
bending moments about the wing root.

2. All sections along the spen of the wing reach zero
lift within +0.4° of the angle of attack of zero lift for
the whole wing, resulting in small loads on the leading
edge of the wing for the nosa dive condition of flight.

3. An additional washin of 0.8° at the tip would
probably further improve the aerodynamic properties
of the wing in the region of zero lift.
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ments taken about L. K. of root section extanded
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4, A relatively high value of maximum lift co;ﬁi—
cient, 1.33, has been attained with the wing.

LAxGLEY M EMORIAL AERONAUTICAL LABORATORY,
NaTIONAL ADvisoRY COMMITTEE FOR AERO-

NAUTICS,
LaxareY F1ELD, VA., Afay 81, 1980.
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TABLE I
ORDINATES

N. A. C. A. 81-J twisted and tapered monoplane wing

[The maximam ordinates of all sections I's in & horisontal planes when the root
chord line is horfzontal. Ordinates and stations in per cent of chord.]

Root section Tip section

Btatlons

i
i
i
]
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TABLE II
Orifice locations—N. A. C. A. 81-7J preasure distribution wing

A B C D E F
-] - - - » . .
5 &

1 33| ¢ 40| 18 LT[ a1 27| 48 20} & 16
3 41|10 34| 20 3| 2 28| 48 24 %0 16
3 nBIln ILe| 2 60| 23 58| 47 L7)| & 1.7
4 Knain 1.8 60| 53| 48 61| &2 7.8
& 3513 L8 % 1LS| 35| 14| 49 33| 63| 138
8 Mi[14 N8l M ILAL W M0.6] 50 4.0] 6] 189
7 B.7115 M4l 2%, 187 87 188 &1 26| 66| M6
8 4|18 M3l 2 138| 8 188 &2 25.0] 68| S8.0
17 21| o 33| » 30| 83 20.6| 61| 7.6
18 4L4]| B S8L7| 40 B.8) 4] 40.0] 63| 377
b £.0] 4 48.0) 85 5.8} 00 BBS
) 40.8] 42| 484 &8 50.5| 70| 554
43 5.0] 57| T2 T1| TG
L) 885 88 7L8| 72| 7.0
7l 7
74| 00.0

*Per cent of root chord from L. E. of each section.
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